Epiphytic bryophytes (EB) are some of the most commonly found plant species in tropical 11 montane cloud forests, and they play a disproportionate role in influencing the terrestrial 12 hydrological and nutrient cycles. However, it is difficult to estimate the abundance of EB due to 13 the nature of their "epiphytic" habitat. This study proposes an allometric scaling approach to 14 measure EB biomass, implemented in 16,773 ha tropical montane cloud forests of northeastern 15
INTRODUCTION 33
Bryophytes are rootless, non-vascular terrestrial plants such as mosses, liverworts and hornworts. 34
Due to their primitive physiological characteristics, bryophytes are sensitive to the recent 35 changes in climate such as increases in air temperatures (Aptroot & Van Herk 2007; Zotz & 36 Bader 2009) and atmospheric carbon dioxide (Turetsky 2003) , and decreases in precipitation 37 (Gignac 2001) . Epiphytic bryophytes (EB) are species that grow on the surface of a plant above 38 the ground. They are some of the most representative lifeforms of tropical montane cloud forests 39 (TMCF) (Barkman 1958; Smith 1982) , which are ecosystems that experience frequent 40 immersion of low altitude cloud (also known as "fog", exchangeably used hereafter) with high Epiphytic bryophytes may obtain necessary water and nutrients for growth by intercepting 48 parallel fog water (Stadtmüller 1987; Holwerda et al. 2010; Scholl, Eugster, & Burkard 2011) . In 49 some regions, EB are keystone species for providing water and essential nutrients to maintain the 50 health of TMCFs (Gradstein 2008; Zotz & Bader 2009 ) and may affect carbon storage of an 51 entire ecosystem. They may also influence the global hydrological cycle by modifying 52 precipitation and evaporation levels (Rhoades 1995 the prevailing global trend of elevated temperatures (Still, Foster, & Schneider 1999; Foster 55 2001) may alter regional climate in tropics, resulting in substantial ramifications on EB (Benzing 56 1998) and eventually TMCF. As "canaries in the coal mine" (Gignac 2001) , spatiotemporal 57 dynamics of EB may be effective indicators for monitoring the regional and global climate 58 changes. One of the very first steps in this research field is to quantify the abundance of EB, 59 which has been a very challenging task due to nature of their habitats and diverse morphologies 60
Biomass is a major metric to assess the abundance of plants (Bonham 2013 to measure EB biomass (see Table 1 a comprehensive summary). However, field EB 71 measurements have been known to be quite challenging to carry out, which made regional 72 quantification impractical (Moffett & Lowman 1995; Barker & Pinard 2001) . In this paper, we 73 proposed a simple and effective field allometric scaling method to estimate EB biomass for 74 TMCF, which combines small-scale destructive field biomass collection, vertical point intercept 75 sampling conducted by a newly-invented instrument, and up-scaling the biomass estimation with 76 a previously established in-situ equation and data interpolation. species of the region, occupying 93.5% of the total biomass (Deng 2006) . 93
The patch scale EB biomass sampling and model development 94
The first step was to derive a general allometry for EB biomass, and six sites along the elevation 95 gradient of 1200-1950 m a.s.l. were selected for sample collection ( Figure S1 ). In the summer 96 (May-October) of 2017, the center depth (e.g., from rhizoids to the top of a plant) of each EB 97 species (n = 131; 113 liverworts, 17 mosses and 1 lichen) (for details of the species see the 98 spreadsheet in Supplementary Information) within a randomly-selected 100 cm 2 circular patch of 99 a tree stem below 3 m above the ground was measured using a stainless steel ruler, and the 100 sample was removed using a gardening shovel. Only a single species in the patch with the 101 homogeneous depth was confirmed before the sample removal. The method has been applied 102 previously by Rodríguez-Quiel, Mendieta-Leiva and Bader (2019). We note that one lichen 103 sample was included in the model development due to the presence of a small portion of lichen 104 among EB. The samples were stored in sealed linear low-density polyethylene bags to maintain 105 moisture, then placed in an ice box and transported to a laboratory within eight hours after their 106 removal from host trees. The samples were cleaned of dead organic matter, suspended soil and 107 tree bark with tap water, dried in a 70°C biomass oven for at least 72 hours, and weighed using a 108 three decimal place electronic balance (LIBROR EB-430H, Shimadzu, Japan). In this study, EB 109 biomass was defined as the total sampled dry weight divided by the projected surface area of the 110 sample (mg cm -2 ). The depth of EB was used as a unique trait for each independent sample to 111 develop EB biomass allometric equations: 112
where W is the EB biomass (mg cm -2 ), D is the EB depth (cm), and  and β are the exponent 114 components for the model. A power model was selected to fit the data by referring to previous 115 studies (Niklas 1993 
The tree scale EB biomass estimation 128
The main goal of this study was to implement a new field method for estimating EB biomass of 129 TMCF at the regional scale. Once the allometric model (equation (1)) has been established, the 130 next step was to estimate EB biomass of a tree, and we could then interpolate the estimate in the 131 plot and regional scales. Twenty-one 30  30 m plots along the elevation gradient of 1260-1990 132 m a.s.l in Chilan Mountain of northeastern Taiwan were surveyed ( Figure S1 ). Diameter at breast 133 height (DBH) measured at 130 cm above the ground for each living tree with DBH  5 cm 134 within 16 plots was recorded in July of 2016. The same approach was applied again to five more 135 plots in January of 2019. During May-August of 2018 and January-February of 2019, we 136 selected 10 trees (210 trees total) within each plot evenly distributed along the DBH gradient to 137 interpolate EB biomass. Basal diameter (BD) of each sampled tree was also measured, and the 138 relationship between basal area and DBH was investigated. 139
According to Johansson (1974) and Köhler et al. (2007) , the majority of EB (in their case, 140 71-91%) were present at the lower part of a tree in TMCF, which may be utilized as a salient 141 variable in estimating EB biomass of a tree. Therefore, a new field instrument was designed 142 specifically for the estimation of EB biomass at the tree scale ( Figure 1 ). From the ground to 300 143 cm of each sampled tree stem height, the EB depths (including the absence of EB with the depth 144 of 0 cm) were recorded for every 30 cm vertical interval in several directions and were converted 145 to biomass by referring to the allometry (equation (1)) and then averaged. The procedure was not 146 vice versa due to the non-linearity of the allometry (a power model). We note that all trees in the 147 plots were taller than 300 cm. The biomass of EB below 300 cm of a host tree was derived by 148 taking the sampled stem surface area (SSA) into account. According to the visual inspection, the 149 shape of the trunk from the ground to 130 cm was defined as a truncated cone and from 130 cm 150 to 300 cm from the ground as a cylinder. Accordingly, the surface area (cm 2 ) of the trunk below 151 3 m (SSA) was calculated by referring to equations (2) and (3): 152
where SSA (cm 2 ), (cm), DBH (cm) and BD (cm) are sampled stem area, slant length of the 155 cone, diameter at breast height and basal diameter, respectively. The sampled trees with DBH 156 larger than 20 cm were recorded in eight directions (north, northeast, east, southeast, south, 157 southwest, west and northwest) otherwise in just four major cardinal directions by referring to a 158 compass. In August 2019, we stripped EB mats of SSA from 30 randomly selected and widely-159 distributed trees of different sizes to verify the estimation. 160
EB biomass up-scaling 161
The biomass of EB of 10 sampled tree was estimated by referring to equation (4): 162
where Mtotal and MSSA are EB biomass (kg) of total surface area and SSA of a tree, respectively, 164 according to the in-situ destructive measurement by stripping EB from 10 harvested hinoki trees 165 (R 2 = 0.99, p < 0.001) (Deng 2006 ). Since the intercept of equation (4) is negative, resulting in 166 negative values for small trees, a fixed ratio of 1.3 was then applied according to Deng (2006) 
Epiphytic bryophytes biomass allometry 182
In this study, we collected 100 cm 2 circular-shaped EB samples (n = 131) from six forest stands 183
in Chilan Mountain along an elevation gradient. The mean ( SD [minimum-maximum]) 184 sampled EB depth and biomass were 4.5  2.9 cm (0.3-13.7 cm) and 36.0  20.3 (6.2-99.3) mg 185 cm -2 , respectively. Significant positive correlations (p < 0.005) were found among EB depth and 186 biomass with different regression models ( Table 2) . Performance of the allometric equation of 187 the power of variance covariate function (R 2 = 0.72, p < 0.0001) with smaller AIC and BIC and 188 greater log likelihood was superior to other models, and the model was selected for further 189 analyses ( Figure 2) . Table S1 ). The 217 EB biomass (and biomass density) for each plot can be interpolated by referring to the EB 218 biomass of 10 sampled trees within each plot with the mean  SD (minimum-maximum) of 24.5 219  9.4 (8.8-39.0) kg (or 272.0  104.0 [97.9-433.3] kg ha -1 ). Twenty-one refereed papers were 220 found, and 86% (18/21) of the studies reported higher EB biomass density values than our mean 221 plot/stand scale estimation (Table 1) diverse morphology of the species and their "epiphytic" habitat, it is difficult to quantify the 229 abundance of EB. In this study, we propose a novel field protocol for regional EB biomass 230 estimation. Our discussion will mainly focus on (1) EB depth-biomass allometry, (2) scaling of 231 EB biomass from the patch to the regional scale, and (3) limitation and future directions. 232
The patch scale EB depth-biomass allometry 233
In this study, in-situ general allometric equations were developed to estimate the biomass of a 234 100 cm 2 circular patch of EB using the central depth of the sample (Figure 2 ). The performance 235 was satisfactory, even though the morphology of EB is much more diverse than most vascular 236
plants. Plant allometry focuses on relationships between plant body size and biomass, 237
production, population density or other abundance related dependent variables (Enquist, Brown, 238 & West 1998; Enquist et al. 1999 ). Stanton and Reeb (2016) suggested that some characteristics 239 of bryophytes may be allometrically scaled like vascular plants, which was verified in this study. 240
The mean exponent of the five selected power models was 0.75 (3/4) ( Table 2) , which agrees 241 with the 3/4 power law (Kleiber 1947) although the sampling unit was a mat but not an individual. This could verify that the basic 252 assumption of an organism's self-similar branching network plays a major role in governing the 253 allometric relationship. 254
Up-scaling of EB biomass 255
A point-intercept field instrument was invented in this study to facilitate sampling EB height data 256 along a tree stem, which were then used as an independent variable to estimate EB biomass 257 (Table 1) . With proper sampling design and data inter/extrapolation, we may be able 265 to estimate EB biomass in a large region. Mean biomass density of EB estimated in this study 266 was similar to the one conducted in the same region (230 kg ha -1 ) but within a much smaller 267 spatial extent using a destructive tree harvesting approach (Deng 2006) . Our mean plot (forest 268 stand) scale estimation of EB biomass density falls within the lower half of the EB biomass 269 density global synthesis data (Table 1) . It is challenging to make a fair comparison since those 270 previous studies were conducted using different data collection methods over a wide range of 271 spatial extents. However, in terms of efficiency, the proposed new approach is indeed superior to 272 other sampling methods implementing for the sampling of 210 EB host trees in this study. 273
This point-intercept approach should also be applicable for the estimation of ground 274 bryophyte biomass, and facilitates the estimation of overall abundance of bryophytes in an 275 ecosystem. This is a pivotal but rarely available parameter, and has a major impact on regulating 276 the terrestrial hydrological cycles (Porada, Van Stan, & Kleidon 2018) . This study focused on 277 the height of a tree below 3 m from the ground, where the majority of EB are present (Trynoski 278 & Glime 1982) ( Figure 1B) . The sampled stem area may be further extended with aids of a 279 foldable ladder. 280
Limitation and future directions 281
One potential research limit is that the tree scale EB biomass estimation, which was extrapolated 282 from the estimation on SSA (equation 4), could not be validated with empirical data. The task is 283 rather difficult and may be impractical for the study region. It requires tree climbing or 284 destructive tree harvesting to strip EB of an entire tree. However, the support of tree climbing 285 was not available during the time of conducting this study, and it could be risky to climb a small-286 size tree without reliable support for a climber's body weight. Logging for both natural and 287 plantation forests has been completely forbidden in Taiwan since 1991. Therefore, the latter 288 option may not be possible due to the local regulation. In the future, we might be able to take the 289 advantage of tropical cyclone-induced fallen logs and harvest EB biomass at the ground level, 290 since the island is located in a typhoon-prone region (Chi et al. 2015) . However, this sampling 291 approach could be biased since the probability of the strong wind induced tree falling may be 292 associated with topography (Mitchell 2013) , which also plays a pivotal role in governing the 293 abundance of EB (Werner et al. 2012) . 294 It is extremely challenging to non-destructively measure EB biomass, and a new field 295 approach was developed in this study to tackle this task. This is crucial because the age of EB on 296 a tree could be almost as old as the age of the host tree (Kimmerer 2003) , and it may require 297 many years of recovery after the removal of samples (Fenton, Frego, & Sims 2003) . It may be 298 useful to further generalize the EB allometry (see the supplementary spreadsheet data) to make it 299 applicable for other settings. According to this study ( Figure 3 ) and some previous literature 300 (EB) biomass of sampled stem surface area based upon 10 sampled trees of different DBH sizes 566 on the 21 field plots (n = 210, Figure S1 ): EB biomass = 3.40DBH 1.32 (R 2 = 0.86, p < 0.001). 567
Information Criterion (AIC), the Bayesian Information Criterion (BIC) and log likelihood. We note that all models are significant with 584 p < 0.001. 585 
Model

